INTRODUCTION
We report the first radar detections of near-Earth asteroids (NEAs) 2062 Aten, 2101
Adonis, 3103 Eger, 4544 Xanthus, and 1992 QN, from observations conducted at Arecibo and Goldstone between 1984 and 1996. Rotation rates, lightcurve amplitudes, visual geometric albedos, and taxonomic classes have been reported for Aten and Eger, but very little is known about the physical properties of Adonis, Xanthus, and 1992 QN (see Table I and references therein). Our observations achieved rather modest signal-to-noise ratios (SNRS) and resolved echoes in Doppler frequency but not, except for Eger, in time delay. Nonetheless, our results offer novel constraints on each target's characteristics. The next section outlines our experimental techniques and then we describe observations in the order: Aten, Xanthus, Adonis, 1992 QN, and Eger, corresponding roughly to increasing caliber of the experiments. We then discuss the unusual polarization signatures of Adonis, Eger, and 1992 QN and conclude with prospects for future observations with the upgraded Arecibo radar.
OBSERVATIONS
Our observational, reduction, and analysis techniques emulate those described most recently by Mitchell et al. (1995) and Ostro et cd. (1992 Ostro et cd. ( , 1996 . Table II summarizes key observational parameters. Each observing cycle (run) consisted of transmission of a circularly polarized continuous wave (CW) for the expected round-trip light travel time for the target, followed by simultaneous reception of echoes for a comparable duration in the opposite (OC) and same (SC) senses of circular polarization. For some observations of Adonis and Eger, linearly polarized waveforms were transmitted and echoes were received in the same-linear (SL) and orthogonal-linear (OL) polarizations. A subset of Eger observations used coarse-resolution binary phase-coded waveforms to determine the asteroid's range.
Our reduction of raw data (echo power spectra) included background removal, calibration, and the formation of sums of spectra weighted by signal strength. In our figures, echo power is plotted vs. Doppler frequency, with O Hz corresponding to hypothetical echoes from the target's center of mass (COM) [COM frequencies were estimated subjectively; absolute Doppler frequencies were reported by Ostro et al. (1991a Ostro et al. ( , 1996a and are available on the Internet at the JPL Solar System Dynamics website at: http://ssd.jpl. nasa.gov/ (Chamberlain et al. 1997) ]. Echo power is given by P~= P~G1G~A2CJ/(4rC)3R4, where P~ is the transmitted power, G= and G~ are the antenna's gain during transmission and reception, A is the radar wavelength (equal to 12.6 cm at Arecibo and 3.53 cm at Goldstone), and R is the target's distance. Our figures plot P R in units of standard deviations of the noise. The radar cross section O, which can be thought of as the target's radar luminosity, equals 4n times the backscattered power per steradian per unit flux incident at the asteroid and is estimated by integrating power spectra. The circular and linear polarization ratios are Vc = crsc/croc and v].
= 001/0s[.. pi is the more widely used measure of near-surface wavelength-scale roughness (Ostro 1993) . Uncertainties in o are dominated by systematic pointing and calibration errors that are typically between 20% and 50%; due to the low SNR of the observations reported here, we adopt conservative one-standard-deviation errors of 50%. For WC and VI,, systematic effects largely cancel and the remaining statistical errors propagate from receiver noise.
Among observations of near-Earth asteroids reported to date, V(. has values between -0.1 and -1.0 with a mean and rms dispersion of 0.3 * 0.2 (Ostro el al. 199 la) that indicate rougher surfaces than are observed among main-belt asteroids (O. 11 t 0.08; Ostro et al. 19S5 ). An object's OC radar albedo is given by (1) where A is the target's projected area and Deff is the effective diameter of a sphere with the same projected area as the target. Published asteroid radar albedos vary from 0.04 for the G-class MBA 1 Ceres (Mitchell et al. 1996) to a maximum of 0.58 for the M-class NEA 61'78 (1986 DA) (Ostro et al. 1991 b) .
Echo power spectra represent one-dimensional images that can be thought of as brightness scans through a slit parallel to the target's apparent spin vector. The echo's instantaneous bandwidth B is related to the radar wavelength L and the target's physical properties by
where D is the breadth of the plane-of-sky projection of the pole-on silhouette at rotation phase $, P is the apparent rotation period, and b is the angle between the radar line-of-sight and the object's apparent equator. Expressing B in hertz, D in kilometers, and P in hours gives D/P = B/27.7 cost3 for Arecibo and DIP= B/99.7cos6 for Goldstone.
If P is known, then measuring B and setting COS5 = 1 establishes a lower bound on the asteroid's maximum pole-on breadth D~,X. If P is unknown (e.g., Adonis and Xanthus), the joint constraint (2) defines a space of possible values of D~.., P, and & In this case, we find it interesting to consider implications of a condi[imml lower bound on D~,. that rests on the assumption that the rotation period is at least 4 hours, which is true for about 80% of the values reported for NEAs (Chapman et al. 1994 ). This conditional constraint, which we will write as D~,,(P z 4), can be combined with an estimate of rad~ cross section to make conditional statements about radar/optical albedo and taxonomic type.
Our ability to discern the echo's bandwidth depends on the signal-to-noise ratio, the target's shape, and the radar scattering law. For Adonis, Eger, and 1992 QN we take advantage of their near-unity circular polarization ratios by constructing total power (OC + SC) spectra that increase the SNR by a factor of about ~2 compared to the SNR for either OC or SC alone. Still, for all our targets, the low SNRS preclude precise measurement of B. Moreover, lacking prior information about target shape and scattering law, it is difficult to assess the, accuracy of any plausible spectral-edge estimator. Based in part on experience with modelling echoes from other asteroids, we have chosen to use the "innermost 2-sigma crossings," that is, we take B to be the separation of the frequencies (one lower than the estimated center-of-mass frequency and one higher) where the echo power first drops to two standard deviations. How we treat this 2-sigma bandwidth in discussion of results depends on the SNR and the quality of non-radar information.
RESULTS

ATEN (1976 AA)
Aten was discovered by E. F. Helin at Palomar in 1976 and was the first known asteroid with a semimajor axis of less than 1 AU (Helin and Shoemaker 1977 ). Aten's diameter and V-filter visual geometric albedo were inferred from infrared radiometry by Morrison et al. (1976) to be 900 * 200 m and 0.2 f 0.07, respectively, making Aten the smallest known asteroid at the time of its discovery. Cruikshank and Jones (1977) (Table III) , yielding a circular polarization ratio, Vc = 0.39 ~ 0.06, that signifies a surface that is rough at decimeter scales. Aten's polarization ratio is comparable to those of 1862
Apollo (VC = 0.4) and 3199 Nefertiti ().Lc = 0.47), and exceeds -70% of the polarization ratios among all radar-detected NEAs (Ostro et al. 1991a , Ostro 1993 ). If we take D.fl to be 0.94 km, then Aten's radar albedo is about 0.12, comparable to the average value estimated for other Sclass asteroids (0.16 A 0.07) (Ostro et al. 1991 b) .
XANTHUS (1989 FB)
We observed Xanthus 20 months after it was discovered by H. E. Holt and N. G. Thomas at Palomar (Shoemaker et al. 1989) . Figure 2 shows weighted sums of our 27 echo power spectra both at the raw resolution of 1 Hz and smoothed to an effective frequency resolution of 4 Hz.
Our estimated polarization ratio, ~c = 0.07 f 0.12, is near the low end of the distribution of NEA values. Lacking information about the asteroid's diameter, rotation period, and spin vector, we use Xanthus's 2-sigma-crossing bandwidth of 3 Hz to set a conditional lower bound on its maximum pole-on breadth: D~,~(P ~ 4) >0.43 km. This result and the l-sigma uncertainty in our estimated radar cross section, O(JC = 0.15 km 2 , place an upper bound on the radar albedo, oc < 1.5 , that is too high to be very interesting. were computed using (Zellner 1979): log p, = 6.244-210gD -0.4}{.
Radar albedos between 0.04 and 0.3 bound -90% of known asteroid radar albedos (Ostro et al. 1991b ) and indicate the most likely range for the radar albedo of Xanthus. A radar albedo of 0.04, the lowest yet reported for an asteroid (Ceres, Mitchell et d. 1996) , would correspond to D~fl = 2.2 km and a C-class geometric albedo of 0.05. Substituting that diameter into Eq, (2) produces a rotation period P <20 hours, a limit that encompasses -8070 of known NEA rotation rates.
Unless Xanthus has an exceptionally low radar albedo <0.04, its diameter is most likely between 0.4 and 2.2 km. The corresponding range of geometric albedos encompasses taxonomic classes E, S, M, and C, Table IV summarizes radar constraints on'the physical properties of Xanthus.
ADONIS (1936 CA)
Figure 4 shows weighted sums of echo spectra at the raw resolution of 0.12 Hz from the four days of circular-polarization observations and the single day of linear-polarization observations. Figure 5 shows single-date sums smoothed to l-Hz resolution. We cannot see any significant day-to-day variations in echo bandwidth, spectral shape, or circular polarization ratio (Table III) .
We use Adonis's 2-sigma-crossing bandwidth of 2 Hz to set a conditional lower bound on its maximum pole-on breadth: D~aX(P > 4) 20.3 km. The weighted sum of all OC spectra 9 provides an estimate of Adonis' radar cross section, CJOC: = 0.02 km 2 , that is comparable to the smallest asteroid radar cross sections measured (Ostro et al. 1991a , Ostro 1993 . Treating 11~,, as D,ff and adopting the l-sigma uncertainty in Ooc sets an upper bound of 0.45 on Adonis' radar albedo that encompasses -95% of reported NEA radar albedos. Figure 6 shows how Adonis' radar albedo and visual geometric albedo depend on its effective diameter. If the radar albedo of Adonis is at least as large as that of Ceres (0.04), then D~ti <0.8 km and (let us continue to equate D~,X to D.R) Eq. 2 dictates that P <11 h (Table IV) .
Adonis' radar cross section and absolute magnitude are consistent with taxonomic classes E and S, but suggest that Adonis' radar albedo is less than -0.1 if Adonis belongs to the M-class and that its radar albedo is less than that of Ceres if Adonis is a C-class object.
Surprisingly high circular polarization ratios near unity were obtained on each of four consecutive days ( Fig. 5 ; Table III ). Hoping to constrain theoretical interpretations of the high values of yc, we did dual-linear-polarization observations on the last day of the experiment and -0.0 ~ 0.2. We defer discussion of Adonis's polarization signature to obtained the result: NI, -Section 4.
QN
A weighted, smoothed sum of the 113 useful OC and SC spectral pairs from four consecutive observation days shows echoes at the 8-sigma level when smoothed to 8-Hz resolution ( Fig. 7) and yields a radar cross section of Ooc = 0.086 kmz (Table III) . We estimate 1992 QN's total-power bandwidth to be at least 10 Hz, which, using 1992 QN's rotation period of 5.990 hours (P. Pravec, pers. comm.; http://sunkl.asu .cas.cz/-ppraveneoehtml)l) and Eq. 2 sets a lower bound of D~UI >0.6 km (Table IV) . Figure 8 shows the range of diameters and albedos that are consistent with 1992 QN's radar cross section and absolute magnitude. The l-sigma uncertainty in our radar cross section and the lower bound on D~~X set an upper bound on the radar albedo: 60C <0.45. This constraint encompasses all reported asteroid radar albedos except that of M-class asteroid 6178 (1986 DA) ( GOC = 0.58 ) (Ostro et al. 1991 b) . If 1992 QN is an M-class object, then its radar cross section indicates that its radar albedo is less than the lowest value measured for that class, 60C = 0.18 for MBA 97 Klotho (Ostro et al. 1991 b) . If 1992 QN is a C-class object, then its radar albedo is less than that of Ceres. If 1992 QN has a radar albedo >0.04, then its effective diameter is unlikely to exceed about 1.7 km.
The first two days of this experiment used right circular polarization (RCP) transmissions and simultaneous reception of left circular polarization (LCP) and RCP, and yielded a surprisingly high SC/OC ratio of 1.1 t 0.19. On the last two days, we used LCP transmission and simultaneous reception of LCP and RCP, and obtained consistent results (Table III) , strengthening confidence that there were no "hidden" sources of systematic error in estimation of pc. We discuss this asteroid's polarization signature in Section 4.
EGER (1982 BB)
Eger is the only known E-class near-Earth asteroid (Veeder et al. 1989) and it may be the parent body of the enstatite achondrite meteorites (aubrites) (Gaffey et al. 1992 ; see also Meisel et al. 1995) . Photometry by Wisniewski (1987 Wisniewski ( , 1991 and Pravec (1996, pers. comm.) yielded synodic rotation periods of 5.71, 5.709, and 5.706 hours, respectively, and lightcurve amplitudes between 0.7 and 0.9 magnitudes (Table II) . Here we adopt the most recently published value for Eger's rotation period (Wisniewski 1991) . Gaffey C( al. (1992) suggested that E.ger's lightcurve amplitude is indicative of an elongated body with an aspect ratio of -2.3. The alternative hypothesis that the lightcurve amplitude arises from large-scale albedo variations is not supported by the Gaffey et al. infrared lightcurve.
We observed Eger at Arecibo in July 1986 and at Goldstone in August 991 and July 1996 (Table II) , intervals of almost exactly five years due to a 3:5 mean motion resonance between the orbits of Eger and Earth (Milani et al. 1989) . The Table III 1986. The 1991 and 1996 datasets are much stronger, and for these Figs. 10, 11, 12 , and 14 show weighted sums of data sorted by date and rotation phase. Figure 13 shows total power spectra obtained on opposite sides of Eg,er in 1996. These asymmetric spectra are almost mirror images of each other, as would be expected for lowsubradar-latitude views of an asymmetric object with a rough-surface scattering law. Eger's 1996 two-sigma level bandwidth varies between 40 and 27 Hz as the asteroid rotates (Fig. 14) , corresponding to a pole-on elongation of about 1.5 (somewhat less than proposed by Gaffey et al. 1992 ) and pole-on dimensions -(1.5 x 2.3) km/cos& Several sums over 30° of phase (Figs. 12c,   14a , and 14f3 display a modest deficit of echo power at their centers that may represent a concavity on Eger's surface. Figure 15 shows echo power spectra that were extracted from two low-resolution delay-Doppler images obtained on July 29. The spectral bandwidths, shapes, and apparent edge frequencies in Fig. 15 are consistent with those seen in l-Hz-resolution spectra covering the same rotation phases (Fig. 13) , and the apparent delay extent of two 750-m range "gates" is consistent with Eger's cw bandwidth and rotation period.
Let us consider some possible implications of our 2-sigma-crossing constraint on Eger's dimensions. Lacking constraints on Eger's third dimension, we model Eger as a 1.5 x 2.3 km biaxial ellipsoid, which has an effective diameter (for an equatorial view) of 1.5 km end-on and 1.9 km broadside or pole-on, both exceeding the Veeder et al. (1989) (Fig. 16) , which is characterized by geometric albedos between 0.08 and 0.20 and a mean and rms dispersion of 0.14 and 0.03, respectively (Tedesco 1989) . If Eger were an M-class asteroid, then its radar albedo would likely be less than 0.1 and the lowest measured for that taxonomic class (Fig. 16 ). Thus Eger's Eclassification seems secure.
If our data were much stronger, Eger's 71° angular motion during our observations (Fig.   17 ) would provide strong constraints on its spin vector. As noted above, the 1996 signature argues for a low subradar latitude. Also, there are hints that the bandwidth within a given rotation-phase block narrowed from August 5 to August 10, 1991 ( Fig. 10b, c; Fig, 12d, e) . That progression presumably corresponds to a more pole-on view.
POLARIZATION SIGNATURES OF ADONIS, EGER, AND 1992 QN
The near-unity circular polarization ratios of these objects (Table 111) (Ostro et al. 1991a) .
Anomalously large circular polarization ratios have also been observed in radar echoes from the icy Galilean satellites Europa, Ganymede, and Callisto (Ostro et al. 1992) , the polar regions on Mars (Muhleman et al. 1991) and Mercury (Slade et al. 1992) , and the Greenland ice cap (Rignot et al. 1993 , Rignot 1995 . These particular polarization signatures may be due to volume scattering in clean water ice, with the coherent backscattering effect causing at least some enhancement of PC (Mishchenko 1996 and references therein). Near-unity polarization ratios have also been observed in radar echoes from a terrestrial basaltic andesite lava flow (Campbell et al. 1993) , from Alpha Regio on Venus (Tryka and Muhleman 1992) , at oblique angles from the volcanic Tharsis region on Mars (Harmon and Ostro 1985) , and from steep radar-facing crater slopes on the moon (Stacy et al. 1997) , and thus do not necessarily indicate an icy composition. SC echoes can be caused by multiple scattering or by single scattering from surfaces with radii of curvature comparable to the wavelength, so coherent backscattering is not their only source (Mishchenko 1996) . Thus, although the circular polarization ratios and radar albedos of Adonis and 1992 QN may be comparable to those of Callisto (Vc = 1.1-1.3, &oC = 0.3 ), the high circular polarization ratios observed from other non-icy terrains argue that PC. -1.0 does not satisfy a necessary or sufficient condition for water ice.
For backscattering from natural targets, ~[. is expected to be at least as large as and usually a few times greater than W[, (as is observed for Eger; Table 111 ). In the context of the available 14 rough-surface and coherent-backscatter literature, Adonis' combination of ~{. near unity and ~1, near zero seems very strange. On the other hand, realistic treatments of scattering from even simplified physical systems contain large spaces of parameters that might be adjustable to match the Adonis results. For example, Mishchenko (1996, p. 700) states that coherent backscattering can "increase the circular polarization ratio and either increase or decrease the linear polarization ratio. " Moreover, due to the low SNR, VI, of Adonis and Eger are consistent within the l-sigma uncertainties. Thus, the degree to which coherent backscattering, or for that matter volume vs. surface scattering, might be responsible for the polarization signatures of Adonis, Eger, and 1992
QN is an open question. What is clear is that the high circular polarization ratios of these objects require extreme near-surface roughness at spatial scales within about an order of magnitude of the radar wavelength. As an example, high PC might result from multiple internal scattering from a blocky surface overlain by a low-loss, low-density regolith several decimeters thick. The source of the roughness is uncertain, although it probably involves the physics of impact cratering and debris retention on low-gravity objects.
Is Adonis an inactive comet nucleus? Drummond (1982) pointed out that the orbit of Adonis (Table I) Adonis' Tisserand parameter (given by T = a,/a + 2cosi [(da~)( 1-ez)] *B, where a, is the semimajor axis of Jupiter, and a, r, and i are the semimajor axis, eccentricity, and inclination of the asteroid), which is <3 for -90% of numbered Jupiter family comets and >3 for nearly 100% of numbered asteroids with a <3.3 AU, has a value 7'= 3.55, exceeding the largest known cometary value of T = 3.18 for P/1996 N2 Elst-Pizarro [orbital elements used to compute T were taken from the JPL Solar System Dynamics homepage at: http://ssd.jpl. nasa.gov/ (Chamberlain el al. 1997) ]. The orbital evolution of Adonis seems consistent with an origin either as a main-belt asteroid or as a Jupiter family comet, but its present orbit is not obviously cometary. No optical spectra are available, nor is there any evidence of cometary activity. Ostro (1985) and Weissman et al. (1989) suggested that Adonis' high circular polarization ratio might be due to the presence of water ice, but subsequent observations indicate that water ice is not required to produce high circular polarization ratios. Furthermore, we do not know what the radar properties of inactive cometary nuclei are, and comparisons with active cometary nuclei may not be meaningful because their radar properties may be very different. However, the radar properties of Adonis differ markedly from those of the active comets best studied by radar: C/1983 H1 IRAS-ArakiAlcock (Goldstein et al. 1984 , Harmon er al. 1989 ), 26P/Grigg-Skjellerup (Kamoun 1983) , and C/1996 B2 Hyakutake (Harmon et al. 1997) have lower mean circular polarization ratios (pc < 0.5) and low radar albedos ( 60C <0.1 ). Thus the existing radar observations do not provide compelling evidence either for or against a cometary origin of Adonis. Cruikshank and Jones (1977) g. Morrison et al. (1976) 1. Wisniewski (1991) c. Gaffey et al. (1992) h. Mottola et al. (1995 ) d. Minor Planet Circular 17264 i. Pravec (1996 .) e. Minor Planet Circular 17272 j. Veeder et al. (1989) AJore: The observations were conducted at Arecibo (A; 2380 MHz) and Goldstone (G; 8510 MHz). Right ascension, declination, and distance are given for each target at the middle of each date's observation. The number of transmit-receive cycles (runs) is listed in the sixth column. At is the interval spanned by observations on each date. A+ is the rotation phase covered on each date, where the start of reception at the beginning of the experiment in a given year defines the zero-phase epoch. The relation between Eger's phase origins in 1986, 1991, and 1996 is unknown. Phase coverage of Adonis and Xanthus is unknown because their rotation periods have not been determined. The Nore: Radar properties of each target, determined from weighted sums of cw spectra. OC SNR is the OC signal-to-noise ratio obtained from an optimally filtered weighted spectral sum. B is the echo bandwidth. The bandwidths of Eger were obtained from spectra spanning -90° of rotation to avoid smear due to Eger's asymrnernc shape. Ooc is the OC radar cross section; assigned uncertainties are the root sum square of systematic calibration errors and are estimated to be < 50% of the radar cross section. Kc is the circular pokwization hO a5~OoC, and UL = Oo~Oslj is the linear polarization ratio, where uncertainties are statistical fluctuations due to receiver noise. 60C is the OC radar albedo computed from 1-sigma upper limits in Ooc. ObseNations of Note: D~,x is the asteroid's maximum pole-on breadth determined from its bandwidth and rotation period; for Adonis and Xanthus, conditional rotation periods of at least 4 hours were assumed. Deff is the effective diameter determined from the radar cross section and an assumed radar albedo of 0.04. P~u is the rotation period of Adonis and Xanthus derived from their radar cross sections and the assumption that their radar albedos are greater than 0.04. p v is the optical geometric albedo derived from D~,x (equated with D.~J and the target's absolute magnitude (Table I) (Table III) . Thin solid curves denote estimated l-sigma uncertainty in ~oc that propagates from uncertainty in Ooc. Superimposed on the radar albedo curve and plotted solely as a function of radar albedo is the distribution by taxonomic class of main-belt and near-Earth asteroid radar albedos. Allowed geometric albedos are shown (dash-dot curve) and were computed as a function of diameter using Xanthus' absolute magnitude (Table I ) and Eq. 3; mean and rms dispersions of the geometric albedos for the C, M, S, and E taxonomic classes (Tedesco 1989 ) are indicated by asterisks and adjacent thick curves. A vertical dashed line at Dn,,,X = 0.43 km marks a conditional lower bound on Xanthus' pole-on breadth based on its bandwidth (Table 111 ) and a rotation period assumed to be at least 4 hours. Adonis echo spectra.
FUTURE RADAR OPPORTUNITIES
Single-date sums of Adonis spectra.
Constraints on Adonis' diameter and radar and geometric albedos. Adonis' bandwidth (Table III) and an assumed rotation periodP24 hours establish conditional lower and upper bounds of D~8X 20.3 km and Goc <0.3. (Table III) . The relation between our zero-phase epochs in 1986 and 1991 is not known. 
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The spectrum on July 29 is asymmetric. The relation between the zero-phase epochs in 1986, 1991, and 1996 is not known. Fig. 12 . Evolution of total power Eger spectra as a function of rotation phase in 1991. Each spectrum spans about 30° of rotation and is filtered to 6-Hz resolution. (Table III) and rotation period (Table I ) establish a lower bound on its maximum poleon breadth D~,X = 2.3 km. .
